Introduction
============

Molecular imaging techniques have undergone rapid growth in recent years because they can provide more specific physiological and pathological information as compared to traditional anatomical imaging methods.[@b1-ijn-13-7123],[@b2-ijn-13-7123] Several imaging modalities have been developed and widely used for the clinical diagnosis and treatment of cancer such as CT and magnetic resonance imaging (MRI).[@b3-ijn-13-7123]--[@b5-ijn-13-7123] CT imaging is one of the most effective and irreplaceable imaging methods in clinical diagnosis, providing anatomic structure and functional information because of its high-density resolution and rapid sweep speed.[@b6-ijn-13-7123] However, there is insufficient contrast between soft tissues and organs due to the inherent extinction ability of X-rays. In contrast, although MRI has good spatial resolution and high sensitivity to tissue structures, it needs a longer scanning time and requires contrast agents to have a longer half-decay time and better stability.[@b7-ijn-13-7123] To address these limitations, many studies have reported on contrast agents that can improve the diagnostic imaging quality in these modalities.[@b8-ijn-13-7123]--[@b10-ijn-13-7123]

Iodinated ionic or nonionic agents are clinically used in CT measurement due to their low cost and high X-ray absorption; however, these small molecules were reported to have a risk of infectious diseases and nephrotoxicity after injection.[@b11-ijn-13-7123] Gd(III)-[@b4-ijn-13-7123],[@b12-ijn-13-7123],[@b13-ijn-13-7123] or Mn(II)-[@b14-ijn-13-7123]--[@b16-ijn-13-7123] based T1-weighted MR contrast agents and superparamagnetic iron oxide nanoparticles (NPs)-based T2-weighted MR contrast agents are widely used and well tolerated by most patients.[@b17-ijn-13-7123],[@b18-ijn-13-7123] Because each imaging modality has its own advantages and limitations, multi-mode -- especially dual-mode -- imaging contrast agents, combining CT and MR imaging abilities, have received much research interest in this field to obtain more comprehensive and accurate diagnostic information.

To successfully obtain dual-mode CT/MRI contrast agents, multicomponent NPs -- integrating both MRI and CT imaging materials -- have proved to be unique candidates as main enablers of imaging agents. Gd(III)-Au NPs,[@b4-ijn-13-7123],[@b13-ijn-13-7123] Fe~3~O~4~-AuNPs,[@b19-ijn-13-7123] and Fe-Pt NPs[@b20-ijn-13-7123] have been used for CT/MR dual-mode imaging. However, metal-based ions, such as gadolinium, have been thought to be responsible for some adverse reactions, including nephrogenic systemic fibrosis.[@b21-ijn-13-7123] Furthermore, these agents are always prepared through complicated processes, and the synthesis procedure is time consuming. Thus, it remains a challenge to simplify the preparatory steps and obtain more accurate pathological images for the diagnosis and treatment of miscellaneous diseases with better biocompatibility.[@b22-ijn-13-7123]

Recently, Au NPs have been widely applied as theranostic agents that combine diagnostic and therapeutic abilities because of their low cytotoxicity, high biocompatibility, and strong X-ray-attenuating potency.[@b23-ijn-13-7123] Furthermore, due to their easy functional surface, the targeting ligands are easily conjugated to the surface of these Au NPs to obtain nanomedicines, which can be applied in targeted cancer treatment.[@b24-ijn-13-7123],[@b25-ijn-13-7123] By conjugating a tumor-homing peptide to Au nanorods, breast cancer precision medicine was successfully obtained that could enhance the accumulation of Au nanorods in tumor tissue and improve the cancer-killing efficacy.[@b26-ijn-13-7123] However, metal-free organic nitroxide radicals have been reported to be promising *T*~1~ contrast agents owing to their super-paramagnetic performance, high ^1^H water relaxivities (*R*~1~), and long in vivo-circulation time.[@b27-ijn-13-7123],[@b28-ijn-13-7123] Nitroxide-radicals-- modified materials have been successfully applied as *T*~1~ contrast agents to study the redox status in tumors.[@b29-ijn-13-7123],[@b30-ijn-13-7123] Therefore, in the present study, nitroxide-radicals--conjugated Au nanorods (Au-TEMPO NRs) were synthesized via a simple bio-conjugation method.[@b31-ijn-13-7123],[@b32-ijn-13-7123] These Au-TEMPO NRs showed excellent CT imaging ability and remarkable MRI-enhanced contrast ability due to the strong X-ray-attenuating potency of Au and the high *R*~1~ from nitroxide radicals. Furthermore, Au NRs are supposed to be good photothermal materials and have been widely used to ablate tumor tissues with laser irradiation. We are convinced that this type of Au-TEMPO NR, which integrate the abilities of CT/MR imaging and photothermal therapy abilities, can play an active role in imaging-guided photothermal cancer therapy.

Methods
=======

Materials
---------

Hexadecyltrimethylammonium bromide (CTAB), chloroauric acid (HAuCl~4~), sodium borohydride (NaBH~4~), silver nitrate (AgNO~3~), ascorbic acid, 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC), and N-hydroxysuccinimide (NHS) were purchased from Sigma-Aldrich (St Louis, MO, USA). Moreover, 4-amino-2,2,6,6-tetramethylpiperidine-N-oxide (4-Amino-TEMPO) and HOOC-mPEG-SH (MW \~2 kDa) were purchased from Laysan Bio (Arab, AL, USA). Cells from the murine breast tumor cell line 4T1 and human umbilical vein endothelial cells (HUVECs) were purchased from the Shanghai Institute of Cell Biology (Shanghai, China). PBS and all other aqueous solutions were prepared with ultrapure water obtained from a Millipore ultrapure water system (Billerica, MA, USA).

Synthesis of Au NRs
-------------------

Au nanorods (Au NRs) were synthesized through a seed-mediated growth method as previously reported.[@b33-ijn-13-7123] The seed solution was prepared by adding 100 µL of 0.01 M HAuCl~4~ and 500 µL of 0.01 M NaBH~4~ to CTAB solution (8.0 mL, 0.05 M). After vigorous stirring, the solution turned brownish yellow and was kept at 25°C for 2 hours. The growth solution was prepared by adding 165 µL of 0.01 M HAuCl~4~ to CTAB solution (4.5 mL, 0.10 M); then 30 µL of 0.01 M AgNO~3~ and 0.03 mL of 0.01 M ascorbic acid were added and the color of this solution changed from dark yellow to colorless after gentle shaking for a few seconds. After that, 0.04 mL of this seed solution was added to the growth solution and the growth solution was kept at 37.5°C overnight. Finally, this reaction solution was centrifuged and washed with distilled water thrice to obtain the purified Au NRs.

Conjugation of 4-amino-TEMPO to Au NRs
--------------------------------------

Au NRs were dispersed in 5 mL ultrapure water and reacted with excessive HOOC-mPEG-SH (MW \~2 kDa) overnight under magnetic stirring. Then, 0.5 mg EDC and 0.3 mg NHS were added to activate the carboxyl group for approximately 2 hours. Next, 1.0 mg 4-Amino-TEMPO was added and the reaction proceeded under magnetic stirring at room temperature for 12 hours. The final product of Au-TEMPO NRs was centrifuged and re-dispersed in ultrapure water at different concentrations.

Characterization
----------------

The morphology of Au-TEMPO NRs was investigated by high-resolution transmission electron microscopy (TEM; JEM-200CX). Surface plasma resonance properties were investigated by a UV-Vis-NIR spectrophotometer (Shimadzu UV-3600). The surface element composition was investigated by X-ray photoelectron spectroscope (XPS; PHI 5000 Versa Probe). Magnetic properties were detected via an electron paramagnetic resonance spectrometer (EPR; EMX-10/12).

Cytotoxicity assay (MTT)
------------------------

The cytotoxicity of Au-TEMPO NRs was tested via an MTT colorimetric assay. Cells of the murine breast tumor cell line 4T1 and HUVECs were seeded at a density of 10^4^ cells/well in 96-well plates in 100 µL DMEM and incubated at 37°C in 5% CO~2~ atmosphere for 48 hours. The medium in each well was then replaced with 100 µL fresh medium containing various concentrations of Au-TEMPO NRs with five replicates. After 12 hours, the medium was discarded, and the cells were washed thrice with PBS, followed by the addition of 20 µL MTT solution (2.5 mg/mL in PBS) and fresh medium. Cells were further incubated for 4 hours, followed by removal of the culture medium with MTT, and then 200 µL DMSO was added into each well. The resulting mixture was shaken for 5 minutes at room temperature and absorbance was measured at 490 nm by using an iMark Enzyme mark instrument (Bio-Rad Inc., Hercules, CA, USA) to estimate the cell viability.

Photothermal irradiation
------------------------

The Au-TEMPO NRs suspension (1,000 µg/mL) was irradiated for 15 minutes in 24-well plates with an 808-nm laser at a power of 1.13 W/cm^2^ (1.76 cm^2^ laser area) at room temperature, and the suspension temperature was recorded every minute. For the in vitro photothermal experiment of 4T1 cells, the 4T1 cells were first seeded at a density of 10^4^ cells/well in 96-well plates in 100 µL DMEM and incubated at 37°C in 5% CO~2~ atmosphere for 48 hours. The medium in each well was then replaced with 100 µL fresh medium containing various concentrations of the Au-TEMPO NRs, with five replicates. Then, each well was treated with 808-nm laser irradiation for 15 minutes. Finally, the cell viabilities were tested via the MTT colorimetric assay.

In vitro cellular imaging
-------------------------

The 4T1 cells were seeded in a six-well Petri dish at a density of 10^5^ cells per well and incubated overnight at 37°C. Thereafter, Au-TEMPO NRs were added into the wells at different concentrations for 4 hours. Three wells were irradiated for 15 minutes under 808-nm laser. Cells without irradiation treatment were used as the control. Cells were harvested by trypsinization and centrifugation at 800 rpm for 5 minutes. For flow cytometry (FCM) as well as an Annexin V--fluorescein isothiocyanate (FITC) and a propidium iodide (PI) apoptosis detection kit (BD Biosciences) were used according to the manufacturer's protocol. The test was conducted on a BD FACSVerse flow cytometer, and the data were analyzed.

For fluorescence microscope observation, 4T1 cells were stained with a Calcein-AM/PI Kit (BD Biosciences) according to the manufacturer's protocol. Both living and dead cells were observed under excitation at 490 nm, and only dead cells were observed under excitation at 545 nm. The images were processed by Photoshop CS6.

In vitro and in vivo CT imaging study
-------------------------------------

The CT images were collected by a clinical CT Gemstone spectral 64-Detector CT (Discovery CT 750HD, GE Amersham Healthcare System, Milwaukee, WI, USA) at an X-ray voltage of 80 KVp and anode current of 10 mA. A solution of Au-TEMPO NRs and iodixanol with gradient concentration (in respect of Au or I concentration as 95, 188, 375, 750, 1,500, and 3,000 µg/mL) was added into a 96-well cell culture plate, and deionization water was selected as the control for comparison. Female BALB/c mice (8--10 weeks old, weighing 18--22 g) were used for CT imaging. The 4T1 cells (5×10^6^ cells per mouse) were injected subcutaneously into the right armpit of the mice, and experiments were carried out when the tumor volume reached approximately 0.2 cm^3^. The mice were first anesthetized by an intraperitoneal injection of 10% chloral hydrate (3 mL/kg). A suspension of Au-TEMPO NRs (0.1 mL \[Au\]=1,000 µg/mL PBS) was injected into the subcutaneous tumor. CT scans were done at 0 minute, 5 minutes, 30 minutes, 1 hour, 4 hours, and 12 hours post injection. The images were processed with Radiant DICOM Viewer and Photoshop CS6. The animal tests were approved by the institutional ethical committee for animal care in Nanjing University and conducted in accordance with the policy and protocols of the National Ministry of Health.

In vitro and in vivo MRI study
------------------------------

In vitro MR images were collected by a 1.5 T clinical MRI scanner (Nova Dual Philips). Parameters for the image collection included: fast spin echo, repetition time (TR)=580 ms, echo time (TE)=18 ms, and slice thickness=1.1 mm. A suspension of Au-TEMPO NPs (dispersed in gelatin \[Au\]=95, 188, 375, 750, 1,500, and 3,000 µg/mL) was added into a 24-well cell culture plate, and gelatin was selected for comparison. Female BALB/c mice (8--10 weeks old, weighing 18--22 g) were used for in vivo imaging. The 4T1 cells (5×10^6^ cells per mouse) were injected subcutaneously into the right armpit of the mice 4 weeks before the experiments. The mice were first anesthetized by an intraperitoneal injection of 10% chloral hydrate (3 mL/kg). A suspension of Au-TEMPO NRs (0.1 mL, \[Au\]=1,000 µg/mL) dispersed in PBS was injected to the subcutaneous tumor. MR scans were done at 0 minute, 5 minutes, 30 minutes, 1 hour, 4 hours, and 12 hours post injection. In vivo T1-weighted MR images of rat were collected by a MicroMRI system (Biospec 7T/20 USR, Bruker). Parameters for the image collection included: fast spin echo, repetition time (TR)=300 ms, echo time (TE)=8.9 ms, and slice thickness=0.7 mm. MR data were analyzed using T1-weighted signal intensity. The images were processed with Radiant DICOM Viewer and Photoshop CS6. The animal tests were approved by the institutional ethics committee for animal care in Nanjing University and conducted in accordance with the policy and protocols of the National Ministry of Health.

In vivo antitumor effect
------------------------

Female BALB/c mice were administered subcutaneous injections of 4T1 cells (5×10^6^ cells per mouse) into the right armpits to acquire 4T1--tumor-bearing mice. After 10 days, the tumor volume reached \~200 mm^3^, and these tumor-bearing mice were randomly divided into three groups with eight mice in each group: a PBS group, an Au-TEMPO NRs group, and an Au-TEMPO NRs + Laser group. Each mouse was administered 100 µL sample solution (1 mg/mL Au-TEMPO NRs) via tail-vein injection. After 4 hours, the tumor area was irradiated with an 808-nm laser (1.13 W/cm^2^) for 10 minutes. The tumor volume and the survival of each mouse were monitored and recorded during the experimental duration.

Histological study
------------------

Female BALB/c mice (weighing 18--22 g) were used for in vivo bio-distribution studies of the Au-TEMPO NPs. Mice were first anesthetized by intraperitoneal injection of 10% chloral hydrate (3 mL/kg). Then, Au-TEMPO NRs (0.1 mL in PBS solution \[Au\]=1,000 µg/mL) were injected via the tail vein. The mice were euthanized at 1, 4, 8, 12, 24, and 48 hours post injection and the heart, liver, spleen, lung, kidney, and blood were extracted. After being weighed, the organs were digested by aqua regia solution overnight, and the Au content was determined by Inductively Coupled Plasma Optical Emission Spectrometer (Optima 5,300DV).

In order to evaluate potential acute cytotoxicity, the major organs of mice (24/48 hours post injection), such as the heart, liver, spleen, lung, and kidney, were extracted and immobi-lized in 4% paraformaldehyde for 48 hours. Randomly picked sections from the organs embedded in paraffin were stained with hematoxylin and eosin (H&E) and observed under a light microscope at ×100 magnification.

Results and discussion
======================

Characterization of Au-TEMPO NRs
--------------------------------

The seed-mediated growth method was used to synthesize Au NRs. To stabilize the Au NRs thus obtained, they were modified with HOOC-mPEG-SH due to the formation of the Au-S bonds ([Figure 1](#f1-ijn-13-7123){ref-type="fig"}). The 4-Amino-TEMPO was connected to Au NRs through an NHS/EDC-catalyzed --COOH/--NH~2~ condensation reaction. The final product showed good stability and could be stored in water and saline solution for more than 1 month.

The size and the morphology of Au NRs were measured by TEM as shown in [Figure 2A](#f2-ijn-13-7123){ref-type="fig"}. These Au NRs have a mean length of 39.2 nm and their average aspect ratio was approximately 3.85. After the modification of 4-Amino-TEMPO on the surface of Au NRs, the color of the solution changed slightly. The UV-vis absorption curve of 4-Amino-TEMPO and the longitudinal absorption bands of Au NRs and Au-TEMPO NRs were tested with the UV-vis spectrum, as shown in [Figure 2C](#f2-ijn-13-7123){ref-type="fig"}. Clearly, 4-Amino-TEMPO shows absorption at approximately 435 nm that is attributable to the nitroxide free radicals, and no other obvious peak was seen above 480 nm. For Au NRs, two peaks centered at 520/785 nm were observed, in agreement with the reported literature.[@b34-ijn-13-7123] As for Au-TEMPO NRs, there are two characteristic peaks at 525/792 nm in the UV--vis spectrum, belonging to the longitudinal and transverse oscillation of surface plasmon bands of Au NRs, with a slight red shift, compared to the original Au NRs. Besides this, a weak absorption peak at 440 nm, attributed to the 4-Amino-TEMPO, is observed. Furthermore, the conjugation of 4-Amino-TEMPO to Au NRs was verified by XPS measurement. [Figure 2B](#f2-ijn-13-7123){ref-type="fig"} reveals the XPS spectrum of Au-TEMPO NRs. Except for the peak of the Au element, the peak of the N element (400 eV) from 4-Amino-TEMPO is clearly observed -- confirming the successful conjugation of 4-Amino-TEMPO with Au NRs. Moreover, the surface modification can be confirmed by changes of zeta potential of Au NRs during the synthesis procedure. In [Table 1](#t1-ijn-13-7123){ref-type="table"}, the zeta-potential of the Au NRs is 38.8 mV in the CTAB solution because of the absorption of CTAB. After the modification of HOOC-mPEG-SH, the zeta potential turns negative due to the negative charge of the carboxyl group. The zeta potential eventually increases because the carboxyl of mPEG can react with the amino group of 4-Amino-TEMPO and there are lesser carboxyl groups on the surface of Au-TEMPO NRs.

TEMPO is a type of stable, organic, free radical and is an electron paramagnetic resonance (EPR)-active molecule displaying a triplet curve in the EPR spectrum.[@b35-ijn-13-7123] The presence of TEMPO on the surface of Au-TEMPO NRs was checked by the EPR test. Free 4-Amino-TEMPO has a triplet curve in the EPR spectrum, and Au-TEMPO NRs shows a similar EPR spectrum, further proving that TEMPO was conjugated with Au NRs as we expected ([Figure 2D](#f2-ijn-13-7123){ref-type="fig"}). To be used as diagnostic agents, these Au-TEMPO NRs should be sufficiently stable under normal physiological conditions. Therefore, the stability of these Au-TEMPO NRs, especially the stability of nitroxide radicals, should be tested. To address this concern, periodic EPR tests were conducted to inspect the stability of Au-TEMPO NRs after being stored in PBS for a long time. Clearly, despite the tiny shifts, no significant decrease or deviation in EPR signals of Au-TEMPO NRs was observed, even in Au-TEMPO NRs stored in PBS for 30 days ([Figure 2E](#f2-ijn-13-7123){ref-type="fig"}). Thus, it is proved that Au-TEMPO NRs are quite stable and can be used as a contrast agent in vivo.

Cytotoxic assay of Au-TEMPO NRs
-------------------------------

Before the Au-TEMPO NRs can be used as diagnostic agents, their in vitro cyto-compatibility should be evaluated. Cells of the murine breast tumor cell line 4T1 and HUVECs were both used to clarify the different cytotoxic effects on cancer cells and normal cells. After these cells were incubated with Au-TEMPO NRs at different concentrations for 12 hours, an MTT assay was carried out to investigate the cytotoxicity. Only a 12.8% reduction in cell viability was observed at the highest Au concentration of 3,000 µg/mL for 4T1 cells ([Figure 3A](#f3-ijn-13-7123){ref-type="fig"}), as was an 8.6% reduction of cell viability for HUVECs ([Figure 3B](#f3-ijn-13-7123){ref-type="fig"}). These results clearly indicated that Au-TEMPO NRs exerted a negligible cytotoxic effect on tumor cells and normal cells even at high concentrations, thereby proving the safety and biocompatibility of Au-TEMPO NRs to be used in vivo.

In vitro and in vivo CT/MRI performance of Au-TEMPO NRs
-------------------------------------------------------

In this work, Au-TEMPO NRs are supposed to be used as dual-mode CT/MRI agents because Au NPs have long been studied as enhanced contrast agents for CT measurement, and nitroxides have been applied as T1-weighted MRI contrast agents. Thus, an in vitro CT measurement was conducted. A series of Au-TEMPO NRs solutions (\[Au\]=95, 188, 375, 750, 1,500, and 3,000 µg/mL in PBS solution) were accurately prepared, and the concentrations of Au were analyzed by ICP-OES. A clinically used iodine contrast agent (Iodixanol) was selected as a positive control to investigate the in vitro CT imaging ability of Au-TEMPO NRs. In [Figure 4A](#f4-ijn-13-7123){ref-type="fig"}, Au-TEMPO NRs show a concentration-dependent CT enhancement and a linear relationship can be found between the HU value (CT signal intensity) and the concentration of Au in Au-TEMPO NRs solution from 95 µg/mL to 3,000 µg/mL as well as with iodine in clinical iodixanol. It can be clearly observed that Au-TEMPO NRs had stronger CT-enhancing ability than that of iodixanol at the same concentration. Higher HU values were seen on representative CT images obtained from Au-TEMPO NRs than that of iodixanol with the same concentration of Au and iodine. These data clearly indicated that Au-TEMPO NRs had good CT enhancement. At the same time, an in vitro MRI experiment was studied to evaluate the T~1~-weighted MRI enhancement of Au-TEMPO NRs. A clinical Gd-DTPA solution was used as a reference to compare the T~1~ enhancement effect between Gd-DTPA and Au-TEMPO NRs with the same concentration ([Figure 4B](#f4-ijn-13-7123){ref-type="fig"}). Clearly, Au-TEMPO NRs show a better contrast enhancement effect than clinical Gd-DTPA.

Next, we conducted the in vivo animal experiment to verify the possibility of these Au-TEMPO NRs being used as dual-mode contrast agents for CT/MRI measurement to diagnose tumors. For the in vivo study, 4T1 cells (5×10^6^ cells per mouse) were injected subcutaneously into the right armpit of the mice. After 4 weeks, when the tumor volume reached approximately 0.2 cm^3^, 0.1 mL Au-TEMPO NRs solution (1,000 µg/mL) was injected as a contrast agent into the tumor. Both the in vivo CT/MRI images were gathered at 0, 5, and 30 minutes and 1, 4, and 12 hours after injection. In vivo CT imaging was assessed using a clinical CT scanner. As shown in [Figure 4C](#f4-ijn-13-7123){ref-type="fig"}, bright white areas could be clearly observed in the tumor area after orthotopic injection. Although the brightness would decrease with time extension due to metabolism and diffusion of Au-TEMPO NRs, a relatively obvious contrast enhancement could be maintained at least 4 hours after injection, which provided a longer period for diagnosis. Meanwhile, in vivo MR imaging was conducted on female BALB/c mice using a 7.0 T animal MRI scanner ([Figure 4D](#f4-ijn-13-7123){ref-type="fig"}). The T1 signal in the tumor area enhanced immediately after injection, and the obvious bright zone could exist for 4 hours; this was consistent with the conclusions of the in vivo CT study.

In vitro photothermal irradiation
---------------------------------

As Au nanorods have been widely applied in the photothermal cancer therapy, the photothermal ability of Au-TEMPO NRs was tested. A solution of Au-TEMPO NRs (1,000 µg/mL) was irradiated by 808-nm laser for 15 minutes in order to study the photothermal effect of Au-TEMPO NRs. In [Figure 5A](#f5-ijn-13-7123){ref-type="fig"}, the heating rate of the Au-TEMPO NRs solution was obviously higher than that of pure water, rapidly exceeded 40°C in 5 minutes, and finally rose to 50°C under laser irradiation, which was sufficiently high to cause damage to the cell membrane and resulted in cell death. The photothermal effect of Au-TEMPO NRs on cancer cells was assessed with an MTT assay to check the cell viability after irradiation. Sterilized Au-TEMPO NRs were added to DMEM to prepare a series of cell culture media of various concentrations, and 4T1 cells were cultured in these media for 4 hours, followed by laser irradiation. From [Figure 5B](#f5-ijn-13-7123){ref-type="fig"}, it is clearly seen that without the aid of Au-TEMPO NRs, there was no cytotoxicity observed in 4T1 cells even after the laser irradiation ([Figure 5B](#f5-ijn-13-7123){ref-type="fig"}). After the incubation with Au-TEMPO NRs, the cell viability decreased upon the increased concentration of Au-TEMPO NRs. The cell mortality rate reached 73.87% when Au concentration increased to 3,000 µg/mL after laser irradiation.

Furthermore, the photothermal cancer therapeutic ability of Au-TEMPO NRs against cancer cells was evaluated through flow cytometry. After 4T1 cells were incubated with Au-TEMPO NRs for 12 hours, followed by laser irradiation, these cells were subjected to an Annexin V--FITC/PI double-staining assay against 4T1 cells to measure cell viability by using flow cytometry ([Figure 5C](#f5-ijn-13-7123){ref-type="fig"}). For the control group without the Au-TEMPO NRs, the apoptosis of 4T1 cells did change much from before to after the laser irradiation. When incubated with 300 µg/mL Au-TEMPO NRs, the apoptosis rate of 4T1 cells reached 53.9% after laser irradiation -- higher than that noted pre-irradiation. The apoptosis rate continued to rise to 73.5% when cells were incubated with 3,000 µg/mL of Au-TEMPO NRs. All of these data clearly indicated that Au-TEMPO NRs possess good photothermal ability and have the potential to be used in cancer therapy.

Fluorescence micrography could directly provide information pertaining to cells treated with Au-TEMPO NRs and laser irradiation. After being co-cultured with Au-TEMPO NRs and laser irradiation, these 4T1 cells were stained with a Calcein-AM/PI Kit and observed under a fluorescence microscope ([Figure 6](#f6-ijn-13-7123){ref-type="fig"}). For the control group (without the Au-TEMPO NRs), after laser irradiation, almost no red color (cell stained with PI) was seen in the image, indicating that there were almost no apoptotic cells. However, when 4T1 cells were incubated with Au-TEMPO NRs, after irradiation, many red spots were clearly observed in the image, demonstrating that 4T1 cells were killed after this combined treatment. Furthermore, a higher dose of Au-TEMPO NRs would result in a higher cell apoptosis rate. Collectively, this fluorescence measurement confirmed that Au-TEMPO NRs had good photothermal conversion ability.

Bio-distribution and histological study
---------------------------------------

The bio-distribution and retention time are two important factors that influence the fate of NPs in vivo. Thus, the in vivo circulation and tissue distribution of Au-TEMPO NRs were studied. The amounts of Au ions in blood, heart, liver, spleen, lung, and kidney of mice after injection at different time points (0, 1, 4, 8, 12, 24, and 48 hours) were measured by ICP-OES ([Figure 7A](#f7-ijn-13-7123){ref-type="fig"}). The Au concentration in blood rapidly increased 1 hour post injection and then gradually decreased, whereas the concentration in the liver and spleen continued to rise, because the Au-TEMPO NRs in blood were gradually taken up by the liver and spleen from circulation. According to the literature, the retention time in vivo was affected by the size and surface properties of nanomedicine. The proper increase of particle size and surface modification of PEG lead to a long retention time in vivo.[@b36-ijn-13-7123],[@b37-ijn-13-7123] In this work, the size of Au-TEMPO NRs was approximately 40 nm, which was large enough to ensure their longer retention in the blood when they were injected in vivo. Furthermore, the surface of these Au-TEMPO NRs was modified with mPEG, which greatly screens the interaction between Au-TEMPO NRs and biomolecules (such as proteins), thereby further increasing their retention time in the blood. Collectively, these Au NRs have a long retention time in blood and will accumulate at the tumor site due to the enhanced permeability and retention effect.

Therefore, these Au-TEMPO NRs can stay a longer time in the blood compared to the small molecular imaging agents and could passively aggregate in the liver and spleen. H&E staining of main organs (heart, liver, spleen, lung, and kidney) sections from normal mice was conducted to study the histological toxicity of Au-TEMPO NRs. As shown in [Figure 7B](#f7-ijn-13-7123){ref-type="fig"}, almost no necrotic or apoptotic cells, histological abnormalities, or inflammatory lesions were observed in all organ tissues, indicating that Au-TEMPO NRs might not cause damage to normal cells and thus signifying their good biocompatibility.

In vivo antitumor effect
------------------------

Subsequently, the in vivo antitumor effect of these Au-TEMPO NRs under laser irradiation was evaluated on a 4T1-- tumor-bearing mouse model. Tumor mice which received the treatments of PBS and Au-TEMPO NRs without laser irradiation did not show obvious suppression in tumor growth ([Figure 8A](#f8-ijn-13-7123){ref-type="fig"}). The tumor volume reached approximately 15-fold for the PBS group and 12.5-fold for Au-TEMPO NRs, respectively, on Day 30 post the treatment compared with the original size. However, for the mice receiving the combined treatment of Au-TEMPO NRs and laser irradiation, the tumor grew slowly and its size was only 3.5-fold on Day 30 when compared to that of the first day. These results clearly demonstrated that, with the laser irradiation, Au-TEMPO NRs can significantly suppress the tumor because of the photothermal effect. Moreover, the survival of these tumor-bearing mice was studied ([Figure 8B](#f8-ijn-13-7123){ref-type="fig"}). Mice treated with Au-TEMPO and laser irradiation had the highest survival rate. There were six mice alive at the end of the experiment (on Day 30), whereas only two mice were alive on Day 30 in both the PBS- and Au-TEMPO NRs-treated groups. We found that no obvious changes (body weight lost) in the body weight of the mice were observed during the course of the study for all groups, implying that Au-TEMPO NRs displayed no obvious acute toxicity ([Figure 8C](#f8-ijn-13-7123){ref-type="fig"}). Collectively, the in vivo antitumor experiment proved that, with the laser irradiation, Au-TEMPO NRs displayed remarkable antitumor ability.

Conclusion
==========

In summary, we successfully synthesized a CT/MRI dual-contrast agent by conjugating 4-amino-TEMPO to Au NRs. In the given concentration range, these Au-TEMPO NRs have good biocompatibility, water solubility, and longer blood circulation time and could be stored at low temperatures for at least 1 month. Moreover, they showed a relatively high-contrast ability for CT/MRI measurement. Upon laser irradiation, the proliferation of solid tumor was greatly suppressed. These primary research results indicated that the Au-TEMPO NRs might play an important role in future clinical diagnosis and treatment of cancer with high accuracy and sensitivity.
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![(**A**) TEM image of Au NRs, (**B**) XPS spectra of Au-TEMPO NRs. (**C**) UV--vis absorption spectra of TEMPO, Au NRs, and Au-TEMPO NRs. (**D**) EPR signals of TEMPO and Au-TEMPO NRs. (**E**) EPR signal of Au-TEMPO NRs stored in PBS at 0, 7, and 30 days.\
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![Cytotoxicity profiles of 4T1 cells (**A**) and HUVECs (**B**) post 12-hour incubation with Au-TEMPO NRs solution with different Au concentrations by using MTT assay.\
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![(**A**) CT images and HU values of Au-TEMPO NRs and iodixanol solutions. (**B**) MR images and T1 signals of Au-TEMPO NRs and Gd-DTPA solutions. (**C**) CT and (**D**) T1-weighted MR images of tumor after orthotopic injection of Au-TEMPO NRs in female BALB/c mice for 0--12 hours.\
**Abbreviation:** Au-TEMPO NRs, nitroxide-radicals--modified gold nanorods.](ijn-13-7123Fig4){#f4-ijn-13-7123}

![(**A**) Temperature--time curves of laser-irradiated Au-TEMPO NRs solution and PBS (\[Au\]=1,000 µg/mL, laser: 808 nm, 1.13 W/cm^2^). (**B**) Cell viability of 4T1 cells irradiated with 808-nm laser for 15 minutes with different concentrations of Au-TEMPO NRs via MTT assay. (**C**) Apoptotic analysis of 4T1 cells after 12 hours of treatment of NPs with Annexin V--FITC/PI staining.\
**Abbreviation:** Au-TEMPO NRs, nitroxide-radicals--modified gold nanorods.](ijn-13-7123Fig5){#f5-ijn-13-7123}

![Fluorescence images of 4T1 cells which underwent laser irradiation post the Au-TEMPO NRs incubation.\
**Abbreviation:** Au-TEMPO NRs, nitroxide-radicals--modified gold nanorods.](ijn-13-7123Fig6){#f6-ijn-13-7123}

![(**A**) In vivo bio-distribution (blood, heart, liver, spleen, lung, and kidney) studies of the Au-TEMPO NRs (0, 1, 4, 8, 12, 24, and 48 hours after injection). (**B**) Representative pathological images of main organs (heart, liver, spleen, lung, and kidney at 0, 24, and 48 hours after injection) after H&E staining.\
**Abbreviation:** Au-TEMPO NRs, nitroxide-radicals--modified gold nanorods.](ijn-13-7123Fig7){#f7-ijn-13-7123}

![(**A**) Tumor volumes; (**B**) survival curves; and (**C**) body weight of 4T1 tumor-bearing mice received different treatments. Laser: 808 nm, 1.13 W/cm^2^. Data are expressed as the mean ± SD (n=8).\
**Abbreviation:** Au-TEMPO NRs, nitroxide-radicals--modified gold nanorods.](ijn-13-7123Fig8){#f8-ijn-13-7123}

###### 

Zeta-potential of Au NRs, Au-mPEG-COOH NRs, and Au-TEMPO NRs

  Sample                Au NRs     Au-mPEG-COOH NRs   Au-TEMPO NRs
  --------------------- ---------- ------------------ --------------
  Zeta-potential (mV)   38.8±1.4   −24.6±2.3          −6.3±1.8

**Abbreviation:** Au-TEMPO NRs, nitroxide-radicals--modified gold nanorods.
